age; heme proteins; acute kidney injury; heme oxygenase-2; interleukin-6 AS SHOWN BY OBSERVATIONS in experimental and human acute kidney injury (AKI), aging renders the mammalian kidney increasingly vulnerable to acute insults and, in the wake of such insults, an increased risk for chronic kidney disease (CKD) (3, 8, 33, 42, 44) . Analyses in rodent models of AKI demonstrating this age-dependent susceptibility to AKI, however, have relied almost exclusively on acute ischemic insults to the kidney, with little, if any, attention directed to the effect of age on the renal sensitivity to nephrotoxic insults (3, 8, 33, 42, 44) .
An important cause for nephrotoxic human AKI resides in exposure of the kidney to heme proteins, as occurs follow-ing hemolysis or rhabdomyolysis (39) . Understanding the basis for renal injury by, and adaptation to, heme proteins is relevant not only to these diseases, but also to AKI in general: acute insults to the kidney, whether ischemic or nephrotoxic in origin, destabilize intracellular heme proteins, leading to increased kidney content of heme, a known nephrotoxic metabolite (39) . Prior studies in heme proteininduced nephrotoxicity demonstrated that susceptibility to renal injury is mitigated by adaptive processes centered on the induction of heme oxygenase-1 (HO-1) (23), a finding now extended to ischemic and other causes of AKI (1, 2, 18) . In this regard, recent studies have indicated that the increased renal sensitivity to acute ischemic insults observed in aging may reflect an age-dependent impairment in the inducibility of HO-1 in the kidney (13) .
The present study examined whether renal susceptibility to heme proteins is increased in the aged kidney, and questioned whether an impaired adaptive response, either alone or in concert with an exaggerated maladaptive response, may contribute to any such observed age-dependent renal vulnerability to heme proteins. Examination of adaptive systems focused on the processes that enable metabolic clearance of heme proteins by the kidney, including HO-1 and HO-2 (1, 2, 6, 39) . HO-2, the constitutive isoform of HO, is substantially present, unlike HO-1, in the unstressed kidney under basal conditions (11) ; notably, the functional significance of the HO-2 isoform has not been examined, to date, in heme protein-induced or, indeed, in any form of AKI. Examination of maladaptive processes centered on the expression of proinflammatory cytokines that are recognized contributors to AKI; the ones selected in this study were those that are known to be either hemeinducible or HO-inhibitable (28, 40, 41) . Finally, as AKI may be a precursor to CKD, our examination of maladaptive systems extended to chronic inflammation-related genes that underlie the evolution of CKD.
MATERIALS AND METHODS

Studies in Mice
All studies were approved by the Institutional Animal Care and Use Committee of Mayo Clinic and performed in accordance with National Institutes of Health guidelines. In studies of renal responses to heme proteins, C57Bl6J mice (Jackson Laboratory, Bar Harbor, ME) were sex-matched and mice of ϳ6 mo (young) or 16 mo (old) of age were utilized. For the assessment of the renal responses to heme proteins in the setting of HO-2 deficiency, HO-2 Ϫ/Ϫ and HO-2 ϩ/ϩ mice were employed, as in previous studies (12, 35) . Colonies of these mice, having targeted disruption of the HO-2 gene as described by Poss and Tonegawa (29), were maintained by mating of HO-2 ϩ/Ϫ males and females and geno-typed at the time of weaning using PCR to amplify the wild-type and mutant alleles of genomic DNA from tail samples. Similar numbers of male and female HO-2 Ϫ/Ϫ and HO-2 ϩ/ϩ mice generated from these matings were used in these studies and were age-matched (between the ages of 5 and 6 mo). All mice in these studies were administered bovine hemoglobin (180 mg/100 g body wt, catalog no. H2500, Sigma Aldrich, St. Louis, MO) or sterile normal saline vehicle via tail vein injection. In prior studies this dose of hemoglobin did not lead to an elevation in serum creatinine in relatively young wild-type mice (25) and was thus employed in the present studies. Mice were euthanized at 1 and 2 days after the hemoglobin injections for the examination of renal histological alterations and the study of relevant gene and protein expression. Assessment of renal function in mice in these studies was achieved by measurement of serum creatinine, using a Creatinine Analyzer 2 (Beckman Instruments, Fullerton, CA), and BUN, using a kit purchased from Pointe Scientific (Canton, MI).
Assessment of mRNA Expression by Real-time RT-PCR
Renal gene expression was assessed by quantitative real-time RT-PCR as previously described (10) . Total RNA was extracted and further purified using the TRIzol method (Invitrogen, Carlsbad, CA) and an RNeasy Mini kit (Qiagen, Valencia, CA), respectively, and cDNA was synthesized employing random hexamers (Transcriptor First Strand cDNA Synthesis kit, Roche Applied Science, Indianapolis, IN). The probes and primers used to assess mRNA targets were obtained as assay sets (TaqMan Gene Expression Assays, Applied Biosystems, Foster City, CA) and employed using the following parameters: 10 min at 95°C, followed by 40 cycles of amplification for 15 s at 95°C, and 1 min at 60°C. Expression of 18S rRNA was similarly assessed and used for normalization.
Measurement of Renal Ferritin Content
As in our previous studies, ferritin content was measured in renal lysates using an ELISA (catalog no. E-90F, ICL, Portland, OR) (23). Renal ferritin content was standardized per milligram protein, the latter assessed by the Lowry method.
Western Analysis
Western blot analysis was performed as described previously (19, 24) , employing rabbit polyclonal antibodies for hemopexin (catalog no. AB90947, Abcam, Cambridge, MA) and ␤-actin (catalog no. 612656, BD Transduction Laboratories, San Diego, CA) as primary antibodies.
Statistics
Data are expressed as means Ϯ SE. The Student's t-test for parametric data and the Mann-Whitney test for nonparametric data were used for comparisons between groups. Results were considered significant for P Ͻ 0.05.
RESULTS
Effect of Age on Renal Function and Histology in Young and Old Mice
Old mice exhibit a distinct susceptibility to heme proteins as demonstrated by a markedly greater serum creatinine and blood urea nitrogen (BUN) in response to the same dose of hemoglobin ( Fig. 1) ; remarkably, this dose of hemoglobin failed to elicit a significant increase in these functional indexes in young mice ( Fig. 1 ). This impairment in renal function in old mice in response to hemoglobin was accompanied by renal histologic injury as evidenced by vacuol-ization, necrosis, and apoptosis of tubular epithelial cells, tubular dilatation, and, as emblematic of heme proteininduced renal injury, tubular cast formation ( Fig. 2) . In contrast, young mice, when administered hemoglobin, showed essentially no significant renal histologic injury at this time point (data not shown), thereby corroborating the lack of renal functional decline. Thus old mice, but not young mice, demonstrate increased susceptibility to AKI, as reflected by functional and histologic assessment.
Components of Heme Handling and Metabolism
Sensitivity to heme proteins is determined, at least in part, by the capacity of the kidney to effectively handle and metabolize heme proteins. Because old mice exhibited sensitivity to heme proteins, we hypothesized that expression of critical components of heme protein handling and metabolism would be impaired in the kidney in old mice treated with hemoglobin. We thus examined mechanisms underlying the clearance of heme proteins, undertaking in the process the most comprehensive characterization of this issue, to date, in the heme protein-exposed kidney.
Studies in old mice. The administration of hemoglobin in old mice led to marked induction of HO-1 mRNA without a significant change in HO-2 mRNA expression ( Fig. 3 ). Since heme degradation by HO liberates iron, we evaluated the expression of proteins that either sequester iron (ferritin) or export iron out of the cells (ferroportin). Increased expression of both ferritin protein and ferroportin mRNA occurred in the old mice ( Fig. 4 ). We next assessed haptoglobin expression since recent studies have called attention to expression by the injured kidney of haptoglobin, a hemoglobin-binding protein that is produced by the liver. In old mice, we not only confirmed induction of haptoglobin gene expression in the hemoglobin-exposed kidney, but also demonstrated the renal induction of CD163, the receptor responsible for the intracellular incorporation of the haptoglobin-heme protein complex in monocytes/macrophages ( Fig. 5 ). We then considered whether the hemopexin-CD91 system is also induced in the kidney following exposure to heme proteins ( Fig. 6 ). Hemopexin is synthesized mainly by the liver; hemopexin binds heme, and the heme-hemopexin complex is then incorporated by the liver via the receptor CD91. We provide the novel demonstration that this hemopexin-CD91 system also resides in the kidney, and is induced following the exposure to heme proteins ( Fig.  6 ). Finally, we examined the expression of the proteins that incorporate filtered heme proteins into the proximal tubule. In old mice, the administration of hemoglobin led to a downregulation of megalin and cubilin mRNA ( Fig. 7) , a change that would be expected to retard incorporation of heme proteins by the proximal tubules, but would deliver increased amounts of heme proteins to the distal tubules.
Studies in young mice. The resistance of young mice to hemoglobin led us to hypothesize that young mice may effectively recruit renal mechanisms that process and metabolize heme proteins. To examine this hypothesis, the above studies were then performed in young mice treated with hemoglobin; these data are shown in Table 1 . In response to the same dose of hemoglobin, young mice showed an induction of HO-2 as well as HO-1 mRNA in the kidney, along with induction of ferritin, ferroportin, and hemopexin, but did not demonstrate induction of haptoglobin or downregulation of megalin/cubilin at this time point.
Proinflammatory Gene Expression in Old and Young Mice
Sensitivity to renal injury is determined by the renal inflammatory response, and a number of proinflammatory mediators are incriminated in nephrotoxic and ischemic AKI, including TNF-␣, monocyte chemoattractant protein-1 (MCP-1), and IL-6; expression of these cytokines was assessed in old and young mice following the administration of the same dose of hemoglobin ( Fig. 8 and Table 2 ). Both TNF-␣ and MCP-1 were comparably induced in old ( Fig. 8 ) and young mice ( Table 2 ) in response to hemoglobin. However, quantitatively, a different response to hemoglobin was observed in old and young mice: in old animals, there was a dramatic upregulation in IL-6 mRNA expression, achieving some 130-fold increase (Fig. 8) , whereas in the young animals, the fold increase was much less at 10-fold ( Table 2) .
Genes Involved in Chronic Kidney Disease in Old and Young Mice
An acute renal insult can lead to chronic kidney disease (CKD), and the risk for this transition is substantially increased by age. We thus examined whether the expression of genes critically involved in CKD are differentially induced after an acute administration of hemoglobin in old and young mice. Old and young animals showed comparable induction of TGF-␤1, Smad3, collagen I, and collagen III mRNAs ( Fig. 9 and Table 3 ). In addition to these interstitial collagens, hemoglobin induced collagen IV mRNA expression (3.1 Ϯ 0.3 vs. 9.7 Ϯ 0.7 standardized units, P Ͻ 0.05), an effect also observed in young mice (Table 3) . Data are expressed as means Ϯ SE. Displayed is mRNA expression assessed by quantitative real-time RT-PCR except for ferritin, for which protein content (g/mg protein) measured by an ELISA is shown. Values for the real-time RT-PCR assessments are the result of relative quantification performed against a standard curve constructed for each mRNA target, normalized for expression of 18S rRNA, and expressed in arbitrary units. For all assessments, n ϭ 4 and n ϭ 6 for saline-treated and hemoglobin (Hgb)-treated mice, respectively. HO-1, heme oxygenase-1; HO-2, heme oxygenase-2; Hp, haptoglobin; Hpx, hemopexin.
Effect of HO-2 on Renal Sensitivity to Heme Proteins
In view of the induction of HO-2 mRNA in young mice, we questioned whether HO-2 may contribute to the relative resistance of young mice to heme proteins. We thus administered hemoglobin to relatively young HO-2 ϩ/ϩ and HO-2 Ϫ/Ϫ mice. As shown in Fig. 10 , renal function, as measured by serum creatinine and BUN, was worse in HO-2 Ϫ/Ϫ mice compared with HO-2 ϩ/ϩ mice on days 1 and 2 following the administration of hemoglobin. Renal histologic injury was more prominent in HO-2 Ϫ/Ϫ mice, compared with HO-2 ϩ/ϩ mice, on day 2 after hemoglobin, as evidenced by necrosis of tubular epithelial cells, tubular cast formation, and tubular dilatation ( Fig. 11) . Thus, as assessed by functional and structural indexes, the deficiency of HO-2 rendered the kidney sensitive to the nephrotoxicity of hemoglobin.
DISCUSSION
To explore the basis for the observed finding, the present study focused on two mechanisms that determine heme protein-induced renal injury: renal handling and metabolism of heme proteins and AKI-related inflammatory processes. The premise for the former as a mechanism for age-dependent sensitivity resides in prior studies demonstrating that increased renal HO activity protects against heme protein-induced AKI and mortality, whereas inhibiting HO activity worsened AKI so induced (23) . Subsequent studies using HO-1 Ϫ/Ϫ mice demonstrated that the deficiency of HO-1 incurred sensitivity to AKI and mortality induced by heme proteins (25) .
In the present studies, hemoglobin elicited comparable induction of HO-1 in the kidney in old and young mice. Blunted induction of HO-1 mRNA cannot thus be implicated as the basis for this increased sensitivity of the aged kidney to heme proteins. The aged kidney also exhibited other responses that, in tandem with induction of HO-1, may mitigate the cytotoxicity of heme proteins, including increased expression of ferritin (the major intracellular ironbinding protein) and ferroportin (the iron-transporter that exports iron extracellularly). The degradation of heme by HO releases iron in the heme protein-exposed kidney, and such induction of ferritin and ferroportin would be expected to safeguard iron homeostasis by promoting iron storage and the extracellular export of iron, respectively.
The aged, heme protein-exposed kidney also recruits other participants in hemoglobin/heme homeostasis, but ones conventionally considered to be centered principally in the liver. In this regard, as shown by Zager and collaborators, the kidney, when injured, is known to express albumin, Data are expressed as means Ϯ SE. mRNA expression was assessed by quantitative real-time RT-PCR and values are the result of relative quantification performed against a standard curve constructed for each mRNA target, normalized for expression of 18S rRNA, and expressed in arbitrary units. n ϭ 4 and n ϭ 6 for saline-treated and Hgb-treated mice, respectively. MCP-1, monocyte chemoattractant protein-1.
␣-fetoprotein, haptoglobin, and hemopexin (43, 45, 46) . We now demonstrate that the aged kidney elicits not only haptoglobin (the major hemoglobin-binding protein in plasma) but also CD163, the receptor on monocytes/macrophages that incorporates the haptoglobin-hemoglobin complex. We also provide evidence that the aged, hemoglobinexposed kidney recruits the hemopexin/CD91 system. Hemopexin resides in extracellular fluid where it binds free heme; the conventional view is that hemopexin is largely synthesized by the liver, and the hemopexin-heme complex is incorporated by liver cells and macrophages via the CD91 receptor. These findings thus support prior observations that the injured kidney induces haptoglobin and hemopexin, and extends these findings by demonstrating induction of the receptors that enable cellular incorporation of these complexes. We speculate that the intrarenal induction of haptoglobin and hemopexin, along with their relevant receptors, provides intrinsic renal mechanisms that bind hemoglobin and heme, respectively; incorporate these complexes within the kidney; and thereby promote their metabolic clearance.
The downregulation of megalin and cubilin in the kidney in old, but not young, mice in response to heme proteins may also underlie the observed sensitivity of the aged kidney. Such downregulation would lead to less incorporation of heme proteins by the proximal tubule and, accordingly, less clearance of heme by HO; additionally, larger amounts of the filtered heme proteins would be delivered downstream to the distal nephron where they interact with Tamm-Horsfall proteins, form tubular casts, and reduce glomerular filtration rate (GFR). Indeed, tubular casts, a cardinal histologic feature in heme protein-induced renal injury, were prominently observed in the kidney in aged mice, but not in young mice, after hemoglobin administration.
The kidney in aged mice did not exhibit induction of HO-2 mRNA following exposure to heme proteins, whereas a modest HO-2 mRNA induction was observed in young mice. We thus questioned whether this lack of induction in the aged kidney may contribute to its sensitivity, and proceeded to examine whether the HO-2 isoform influences the sensitivity of the kidney to heme proteins. In young HO-2 Ϫ/Ϫ mice, sensitivity to hemoglobin was increased, as reflected by filtration markers on days 1 and 2 after the administration of hemoglobin and by greater histologic injury on day 2. These findings are the first to demonstrate the functional significance of HO-2 in AKI, in general, and in heme protein-induced AKI, in particular. Studies of HO-2 protein expression and HO activity would be of interest in the kidney in young and old mice following the administration of hemoglobin, as would the assessment of the functional significance of HO-2 in other models of AKI.
The observed cytoprotective effects of HO-2 in the kidney against hemoglobin add to the literature addressing the role for HO-2 as a cytoprotectant. HO-2 deficiency, for example, leads to an activated phenotype in aortic endothelial cells (7) , and promotes glutamate-induced or TNF-␣-induced apoptosis in cerebral endothelial cells (5, 27) ; increased amounts of HO-2 protein protects endothelial cells against hypoxia (17) ; HO-2 deficiency adversely affects inflammatory and reparative responses following corneal wounding (16, 34) ; finally, genetic deficiency of HO-2 exacerbates diabetes-induced renal injury in the streptozotocin murine model (15) . However, prior studies demonstrate that cortical neuronal cultures and striatal cells from HO-2 Ϫ/Ϫ mice are relatively resistant to the cytotoxic effect of hemoglobin (31, 32) , while intracerebral injection of blood induces less cytotoxicity and oxidative stress in HO-2 Ϫ/Ϫ mice (30) ; in contrast, genetic deficiency of HO-2 increases the sensitivity of astrocytes to hemin (9) . The effect of HO-2 on the sensitivity to injury is thus determined by the nature of the insult and the afflicted organ or tissue.
Our examination of the observed sensitivity of the aged kidney to hemoglobin also included examination of selected Data are expressed as means Ϯ SE. mRNA expression was assessed by quantitative real-time RT-PCR, and values are the result of relative quantification performed against a standard curve constructed for each mRNA target, normalized for expression of 18S rRNA, and expressed in arbitrary units; n ϭ 4 and n ϭ 6 for saline-treated and Hgb-treated mice, respectively. TGF-␤1, transforming growth factor ␤1; Col I, III, and IV are collagen I, III, and IV, respectively. proinflammatory cytokines incriminated in AKI; the cytokines selected were those that are known to be hemeinducible, or upregulated when heme-degrading activity is impaired. While TNF-␣ and MCP-1 were comparably induced in the kidney in old and young mice, the aged kidney exhibited a fulminant induction of IL-6 mRNA (130-fold vs. 10-fold in young mice). This markedly greater increase in renal IL-6 expression in old mice is relevant because of the following. First, following acute ischemia, IL-6 contributes substantially to AKI (20) , while in human AKI, plasma IL-6 predicts the severity of AKI, morbidity, and mortality (37) . Second, IL-6 contributes to CKD in rodent models (47) ; heightened IL-6 after AKI may thus predispose to the evolution of CKD. Third, plasma IL-6 predicts human, age-dependent frailty, CKD, and mortality (36, 38) . We thus suggest that the increased sensitivity of the aged kidney to hemoglobin may reflect, at least in part, exaggerated renal induction of IL-6 in response to heme proteins.
Baseline
Our data are the first to demonstrate that, in the acute phase following the exposure to heme proteins, the kidney exhibits substantial induction of genes critically involved in CKD (TGF-␤1, Smad3, and collagen I, III, and IV); such induction similarly occurred in old and young mice in response to hemoglobin. In view of the relatively severe AKI in old but not young mice, it is not inconceivable that such induction of these fibrogenic genes after a single dose of hemoglobin is sustained in old mice, whereas in young mice, such induction is transient and self-remitting. Such an expression profile in old and young mice would render the former more likely to develop CKD after a single injection of hemoglobin. Studies that examine this issue are beyond the scope of the present investigation.
In summary, to the best of our knowledge, the present study provides the first demonstration that age increases the sensitivity of the kidney to the toxic effects of hemoglobin, and that HO-2 confers a protective response in AKI; our studies also provide the most comprehensive analysis, to date, of the expression of genes/proteins relevant to the handling of hemoglobin by the mammalian kidney. We speculate that this age-dependent sensitivity of the murine kidney to hemoglobin is clinically relevant for the following reasons. First, human AKI is commonly multifactorial, involving both ischemic and nephrotoxic insults. By identifying age as a determinant for nephrotoxic insults such as hemoglobin, the present studies suggest that the age-dependent risk for human AKI may reflect increased sensitivity not just to ischemic episodes, but also to nephrotoxic insults; additionally, our studies raise the possibility that, in the setting of hemolysis or rhabdomyolysis, the aged kidney may be especially prone to AKI. Second, ischemic insults to the kidney increase kidney content of free heme, a recognized toxicant; we speculate that the sensitizing effect of age on ischemic AKI may reflect, in part, an age-dependent heightening of the nephrotoxicity of heme. Third, hemoglobin-induced tubular injury is implicated as a mechanism underlying kidney dysfunction in glomerulonephritis characterized by microscopic or macroscopic hematuria (21, 22) ; notably, such tubular injury is known to occur more commonly in older patients (14, 21) . Finally, hemolysis and the attendant exposure of the kidney to sickle hemoglobin contribute to the evolution of sickle cell nephropathy (26), a complication of sickle cell disease that occurs with increasing frequency with aging (4).
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